Abstract -Nest drifting is often observed in honeybees (Apis mellifera ) and can be detrimental to neighbouring colonies because it has the potential to increase disease transmission. However, the characteristics of drifting behaviour over a honeybee's lifetime and the influence of parasitism on this phenomenon have been insufficiently investigated. Using optical bee counters, we tracked the drifting behaviour of workers that were either infected with the parasite Nosema ceranae or uninfected. Approximately 10 % of the tracked bees drifted into a foreign colony. The drifting prevalence was influenced by the colony's location in space but not by N. ceranae parasitism. However, the number and duration of drifts changed over the lifetime of the bees and the season, and parasitism had an effect on drifters, with Nosema -infected bees performing more but shorter drifts. This phenomenon was more pronounced in old bees (+62 and −15 % for the number and duration of drifts, respectively) and could potentially be explained by the energetic stress induced by the parasite. In conclusion, combining a detailed analysis of drifting behaviour with the actual risk of newly established disease in colonies will benefit our knowledge of bee epidemiology.
INTRODUCTION
In social insects, individuals usually live in relatively closed societies to ensure that altruistic behaviours are directed towards related nestmates (Wilson 1971) . However, drifting behaviour, described as the movement of individuals from their own nest to another, sometimes occurs either as a reproductive strategy or as an accidental phenomenon. On one hand, nest drifting in some eusocial insect species has been shown to represent an alternative reproductive strategy to maximise the drifter's fitness either by contributing to brood raising in several related nests or by directly laying eggs in foreign nests (Neumann et al. 2003; LopezVaamonde et al. 2004; Nanork et al. 2005; Nanork et al. 2007; Sumner et al. 2007; Chapman et al. 2010; Takahashi et al. 2010; Blacher et al. 2013; O'Connor et al. 2013; Zanette et al. 2014) . On the other hand, nest drifting can be an accidental phenomenon that is not deliberate but instead is the consequence of orientation errors during orientation or foraging flights, as frequently found in the honeybee, Apis mellifera (Free 1958; Pfeiffer and Crailsheim 1998; Neumann et al. 2000) .
In the honeybee, nest drifting is believed to be involved in disease transmission between colonies (Neumann et al. 2000; Kralj and Fuchs 2006; Aubert et al. 2008; Kralj and Fuchs 2010) . This phenomenon might increase disease transmission risk within apiaries, where the density is high compared to the density found in feral honeybee populations. The occurrence of drifting is often attributed to beekeeping practises (proximity and similarity of hives) as well as a lack of landmarks (Free 1958; Southwick and Buchmann 1995) and has been reported to vary depending on the season, hive characteristics and bee species (Duranville et al. 1991; Pfeiffer and Crailsheim 1998; Neumann et al. 2000; Paar et al. 2002; Neumann et al. 2003; Forfert et al. 2015) . However, the role of parasites in drifting behaviour is not clear.
Because parasites can induce deficits in cognitive capacities and, as a consequence, affect homing ability (Gegear et al. 2006; Iqbal and Mueller 2007; Kralj et al. 2007 ), a higher occurrence of drifting is expected in infected bees. Nevertheless, Forfert et al. (2015) failed to show an association between the prevalence of drifting and parasitic infection by genotyping individuals from different colonies and determining their initial colony origin. However, deciphering the role of parasites in nest drifting, as well as the consecutive risk of disease transmission between neighbouring colonies, requires a detailed characterisation of this behaviour at the individual level. Notably, parasites can also lower the energetic state of individuals, leading to adverse effects on their flight activity (Kralj and Fuchs 2010; Alaux et al. 2014; Naug 2014; Wolf et al. 2014 ) and likely drifting behaviour.
The aim of the present study was therefore to provide a detailed analysis of drifting behaviour in honeybees over their lifetime and to test whether infection with a parasite could affect the rate, number and duration of nest drifts. We used a monitoring tool (optical bee counter) that was recently developed in our lab to continuously and automatically track the movements of individual bees from a colony to another colony over an extended period of time (Alaux et al. 2014) . The influence of parasitism on drifting was determined by differentially infecting workers with the microsporidian Nosema ceranae . This parasite is transmitted by the oral route via trophallaxis or ingestion of contaminated comb material and food and develops in the epithelial cell layer of adult workers' midgut. N. ceranae can decrease the lifespan of bees (Fries 2010; Higes et al. 2010) and affect their flight activity: infected bees exhibit reduced orientation and homing ability and perform longer foraging trips (Kralj and Fuchs 2010; Alaux et al. 2014; Naug 2014; Wolf et al. 2014) . This parasite was first described in the Asian honeybee Apis cerana and has been found in samples of the European honeybee Apis mellifera since the 1990s (Chen et al. 2008 ). Although it is not known when this shift in host species occurred, N. ceranae is now highly prevalent in European honeybee colonies and exhibits a worldwide distribution (Fries 2010; Higes et al. 2010) , suggesting great potential for transmission and epidemiological risk between colonies.
MATERIALS AND METHODS

Experimental setup
Experiments were conducted from April to June 2014 at the Institut National de la Recherche Agronomique (INRA) in Avignon (France). We used colonies that were a mixture of the European subspecies typically used in the southeast of France for beekeeping, principally Apis mellifera mellifera .
We recorded the drifting behaviour of bees over their lifetime using three hives equipped with optical bee counters. The three hives were placed 1 m apart, and one empty hive was placed on either end as a landmark. The day before experimentation, frames with closed brood (at the last pupae stage) were removed from three other colonies, placed individually in boxes and kept in an incubator (34°C and 70 % humidity) overnight. The following day, newly emerged bees were collected and mixed to reduce potential colony effects. Half of the bees were artificially infected with N. ceranae to test the influence of parasitism on drifting behaviour (see below). Each bee was marked with a 3-mm wide tag number printed on laminated paper and glued (Sader®) onto the thorax. The colour of the tags was specific to each colony (red, blue and green). For each colony and replicate, the drifting behaviour of 50 control bees not infected with Nosema and 50 Nosema -infected bees was recorded for 35 consecutive days. The study was performed simultaneously on the three hives and was repeated three times during the spring (in April, May and June) for a total of 450 control and 450 infected bees.
Nosema infection
Workers from Nosema -infected hives were collected to prepare a solution of fresh microsporidian spores.
Drifting behaviour in honeybees Spores were isolated as described by Higes et al. (2007) . Briefly, pools of ten abdomens were crushed in distilled water, and the suspension was filtered and centrifuged to collect the spores. The spore concentration was determined using a haemocytometer chamber. Following the procedure described in Alaux et al. (2010) , N. ceranae was identified by PCR analysis as the only species present in these bees.
Workers were individually infected on the day of their emergence by feeding with 2 μL of 50 % sucrose solution containing 100,000 Nosema spores, a dose currently found in naturally infected bees . To avoid the contamination of control bees, infected and control groups were placed separately in an incubator (34°C, 70 % relative humidity) for 5 h, which is the time necessary to ingest the solution and to decrease the chance of having exchanges of crop content. The bees were subsequently introduced into the colonies.
To follow the Nosema proliferation, 50 additional emerging bees per treatment and colony were paintmarked on the thorax. They originated from the same colony sources than tracked bees, were introduced with tracked bees and were collected 9 days after the infection to determine Nosema spore levels. Generally, at this age, bees still perform in-hive tasks, and the infection is almost fully developed in the gut (Forsgren and Fries 2010 ).
Optical bee counter
To follow the individual flight activity of marked bees, we used the optical bee counters described in Alaux et al. (2014) . Briefly, this monitoring technology is composed of a modified entrance with eight passages for bees, a camera at the entrance, a computer for image acquisition and software that processes the images and reports the in-and-out activity of bees at the hive entrance (patent number IDDN.FR.001.140013.000.R.P.2013.000.31235, INRA). For each detected bee, the software reports its ID (tag number and colour) and direction (whether it is going in or out of the hive), as well as the time of activity (day, hour, minute, and second). These data are converted into readable Excel files. Each detection is combined with a picture, which allows for verification of the data in case an identification failure is indicated in the Excel files.
Drift characterisation
In this study, a drift was recorded each time a bee entered a foreign hive, regardless of the time spent inside. Drifts from a foreign colony to another were also considered. Then, we determined the direction (origin and foreign colony), number and duration of drifts for each bee. The two colonies at the end of the row were defined as the edge colonies, and the central colony was defined as the inner colony. The influence of age on drifting behaviour was assayed by dividing the experimental period into three age groups: 1 to 10 days old (young bees), 11 to 20 days old (middle-age bees) and 21 to 35 days old (old bees). The impact of drifting on worker survival was also determined, and the rate of survival was calculated over 35 days using the day of the last record for a specific worker as the day of bee death.
Data analysis
All statistical analyses were performed using the statistical software R version 3.0.2 (R Development Core Team 2013). The effects of colony position, trial (April, May or June) and treatment on drifting behaviour were analysed using χ 2 tests. Whether all drifting bees settled in the host colony was also assessed using χ 2 tests. Nosema spore levels at 9 days and the impact of treatment on the age of first drift were assessed using Wilcoxon test. Pseudo-replication occurred in our datasets because (i) the three colonies were sampled three times and (ii) a given bee was followed during her lifetime and was able to perform several drifts. Pseudo-replication can lead to erroneous conclusions, such as claiming that an effect of a treatment is real when it is not (Hurlbert 1984) . To account for pseudo-replications in our experimental design, the influence of Nosema parasitism on drifting behaviour was analysed using mixed models. Models were compared using the small sample sizecorrected Akaike's information criterion (AICc) (Burnham and Anderson 2004) . As recommended by Burnham and Anderson (2002) , we considered that two nested models differing by less than 2 AICc points received identical support from the data. In such a situation, the model with fewer parameters was preferred. The probability of drifting for a bee (one drift or more vs no drift during its lifetime) was analysed by creating a general linear mixed model (glmer function of the lme4 R package) with a binomial distribution (Bates et al. 2013) . Nosema infection, trial, and colony position were set as fixed explanatory variables, and colony number was set as the random explanatory variable. The coefficients of this model are the log of the odds ratios. Variations in the number and duration of drifts per age class were analysed using linear mixed models with a Gaussian error distribution ( l m e r f u n c t i o n o f t h e l m e r Te s t p a c k a g e ) (Kuznetsova et al. 2013) . Nosema infection, age class, colony position and trial were analysed as fixed factors, whereas bee identity and colony were analysed as random factors. The mean, standard error and confidence interval of each covariable were calculated with the 'predict' function (type = 'response') for the first two and with the 'confint' function for the last.
Differences in survival probability between groups (drifting bees vs non-drifting bees and control vs Nosema ) were determined using Kaplan-Meier analysis ('survfit' function of the R survival package) (Therneau and Lumley 2014) . Statistical significance was set at P < 0.05.
RESULTS
Pathological analysis performed on 9-day-old bees showed that Nosema -infected bees had significantly more spores than control bees (control 520,000 ± 799,249 spores per bee; Nosema-infected bees: 7,575,556 ± 4,631,973 spores per bee, Wilcoxon; W = 1, n = 18, P < 0.001).
Drifting activity at the colony level
Of the 900 tracked bees, we obtained information from 839 bees, and 61 bees were never recorded, likely due to early death or loss of tag. In total, flight activity for 422 control and 417 Nosema -infected bees was detected at least once. Of these bees, 49 control and 35 parasitized bees performed drifting behaviour (Table I) . On average, 9.97 ± 2.31 % of bees drifted (11.56 ± 2.05 % of control bees and 8.37 ± 1.25 % of Nosemainfected bees). We recorded 1038 drifts, 545 (52.5%) performed by control bees and 493 (47.5%) by parasitized bees.
The position of a colony had a major influence on drifting behaviour. The percentage of drifting bees was higher in the inner colony than the edge colonies: 65.3 and 65.7 % from the inner colony for control and parasitized bees, respectively (control: χ 2 = 23.31, P < 0.001; parasitized: χ 2 = 15.56, P < 0.001). When considering the total number of drifts, the direction of drift was also highly biased, with 65.7 and 70.6 % of drifts performed from the inner colony by the control and Nosema -infected bees, respectively (control: χ 2 = 282.63, P < 0.001; parasitized: χ 2 = 329.90, P < 0.001). There was no effect of trial time on the percentage of drifting bees (Table I ). The rate remained constant over the different trials (control: χ 2 = 1.15, P = 0.56, and parasitized: χ 2 = 0.57, P = 0.75). However, the number of drifts changed over the course of the experiment (control: χ 2 = 114.94, P < 0.001; parasitized: χ 2 = 6.93, P = 0.03). This change was especially pronounced for control bees, which Drifting behaviour in honeybees performed almost four times more drifts in April (trial 1) and May (trial 2) than in June (trial 3).
Drifting activity at the individual level
The percentage of drifting bees that settled in a foreign colony did not differ between the control (49 %) and Nosema -parasitized bees (57.1 %) (χ 2 = 0.27, P = 0.61). Amongst the bees that did not settle in a foreign colony, the percentage of bees that came back to their initial colony or disappeared was similar between treatments (32.7 and 18.3 %, respectively, in the control groups, and 25.7 and 17.2 % in Nosema groups; in both treatments: χ 2 = 0, P = 1).
Drifting probability
The probability of drifting was influenced by the colony position, but there was no effect of Nosema parasitism and trial (AICc model selection, Table SI ). Bees from the inner colony tended to drift 3.7 times more often than bees from edge colonies (Table II) .
Nosema parasitism did not influence the onset age for drifting (Wilcoxon; W = 774, n = 84, P = 0.45). Control and Nosema -parasitized bees 
Drift number over bee lifetime
The model with the lowest AICc was a model that underlined the significant effect of the trial and the age by treatment and age by colony position interactions on the number of drifts (Tables SI and  II ). The number of drifts per bee was maximum in May at 10.6 [9.53; 11.7] (mean predicted values with 95 % confidence interval) and minimum in June at 6.1 [5.2; 7] . Overall, the number of drifts was slightly more important in Nosema -parasitized bees than in the control groups and increased with age: old bees exhibited more drifts than middle-age bees, which drifted more than young bees. This agerelated increase was more important in parasitized bees, with old infected bees performing 62 % more drifts than old control bees (Fig. 1). 
Drift duration over bee lifetime
The model with the lowest AICc was the model that underlined the significant effect of the trial and the age by treatment and age by colony position interactions on the duration of drifts (Tables SI and  II) . The total drift duration per bee was higher in the second trial (May 5686 min [5461; 5912] ) than in the first and third trials (April 4718 min [4378; 5050] ; June 2034.9 min [1780; 2289] ). Overall, the time spent in a foreign colony was similar between parasitized and control bees (Fig. 2) . However, Nosema infection caused a decrease in the drift Figure 1 . Cumulative number of drifts per bee as a function of age and treatment. The number of drifts cumulated within each age group (1 to 10 days old: n = 34 and 20 for control and infected bees, respectively; 11 to 20 days old: n = 29 and 28; 21 to 35 days old: n = 9 and 8) is shown for all bees in control (non-parasitized) and Nosemaparasitized drifting bees. Box plots show the first and third interquartile range with a line denoting the median. Whiskers encompass 90 % of the individuals, beyond which outliers are represented by circles.
Drifting behaviour in honeybees duration in middle-age and old bees. For instance, in the latter age group, Nosema -parasitized bees spent 15 % less time in a foreign colony during their drift than control bees.
Survival
As expected, the survival of Nosema -parasitized bees was significantly lower than that of control bees (Kaplan-Meier test, P = 0.002). The survival rate of parasitized bees decreased faster than the control, especially after 15 days (Fig. 3) .
We then tested whether drifting performance affected the survival probability of both control and parasitized bees. The survival probability of drifting and non-drifting bees was similar in both groups (Fig. 4a, b) , and no effect of drifting on survival was detected (control: P = 0.62; parasitized bees: P = 0.67).
DISCUSSION
For the first time, by recording the in-and-out activity of bees between colonies, we were able to characterize the drifting behaviour of workers, including percentage, number and duration of drifts throughout their adult lifespan. We were able to test whether drifting behaviour is affected by Nosema parasitism. We found, like Forfert et al. (2015) , that Nosema parasitism did not modify the probability of drifting. However, Nosema-parasitized drifters performed more but shorter drifts compared to 'healthy' drifters. Cumulative drift duration per bee as a function of age and treatment. The duration of drifts cumulated within each age group (1 to 10 days old: n = 21 and 13 for control and infected bees, respectively; 11 to 20 days old: n = 21 and 19; 21 to 35 days old: n = 7 and 7) is shown for all bees in control (non-parasitized) and Nosemaparasitized drifting bees. Box plots show the first and third interquartile range with a line denoting the median. Whiskers encompass 90 % of the individuals, beyond which outliers are represented by circles.
Until now, the study of drifting behaviour in honeybees was limited to punctual observations at the colony level. The optical counter allowed us to follow the drifting dynamic between colonies Drifting behaviour in honeybees throughout the life of bees and to record this phenomenon at both the colony and individual levels. At the colony level, our results showed that 9.97 ± 2.31 % of a specific cohort drifted to a foreign colony. This percentage is within the range of previously published data (1 to 18 %) generated via individual genotyping or behavioural observations in European, Asian and African honeybees (Neumann et al. 2000; Paar et al. 2002; Neumann et al. 2003; Forfert et al. 2015) . Colony position had a strong influence on drifting; bees drifted more from the inner colony to the edge colonies. This phenomenon is likely due to homogenous and similar landmarks around the inner colonies (Jay 1965; Pfeiffer and Crailsheim 1998; Forfert et al. 2015) .
Drifting occurrence is generally attributed to orientation errors in honeybees, but the fact that 'only' 10 % of bees drifted suggests that some bees are more prone to orientation errors than others and that this phenomenon does not occur randomly. For instance, it is well known that the tendency to perform some behavioural tasks in honeybees is influenced by their genetic and physiological backgrounds (Robinson and Huang 1998) . This actually includes drifting since patrilines in honeybees can differ greatly in their tendency to drift (Duong and Schneider 2008) . It is therefore possible that some patrilines exhibit poorer orientation abilities as compared to other ones. Determining the actual behaviour of drifting bees in their new host colony and their physiological background as done in bumblebees and wasps (Sumner et al. 2007; Blacher et al. 2013) would also help to better understand this drifting occurrence, e.g. do drifting bees still perform task activity or are inactive?
We found a seasonal effect on the drifting intensity at the colony level, with control bees performing more drifts during trials 1 and 2 (April-May) than in the trial 3 (June) ( Table I) . Drifting behaviour is a consequence of orientation errors and also depends on the acceptance level of the new host colony. Because the experimental design was the same between trials, changes in drifting intensity were likely the result of an increase in colony acceptance. In normal conditions, only 3.5 % of incoming bees are checked by guard bees, but this permissiveness changes according to season, density of bees and nectar and pollen resources (Butler and Free 1952) . For example, the acceptance levels of colonies increase when nectar flow is abundant but decrease during dearth periods (Downs and Ratnieks 2000) . In this scenario, changes in drifting intensity should be associated with changes in resource abundance observed in the southeast of France between spring (blooming period, trials 1 and 2) and summer (dry period, trial 3).
At the individual level, we observed an agerelated increase in drift number and duration (time inside the foreign colony). The evolution of these parameters is in accordance with the age polyethism of bees (Seeley 1982) , whereby young bees perform brood and nest care but switch to foraging activity (pollen, nectar and water collection) when they get older and thus are more likely to drift. We expected parasites to induce an increase in the propensity to drift, via either host manipulation (Adamo 2012; Biron & Loxdale 2013) or deleterious effects on the host (e.g. impairment of cognitive functions). Indeed, it would be adaptive for N. ceranae to increase the bee propensity to drift and thus its transmission between colonies. Furthermore, the development of N. ceranae in bee guts affects the nutritional and energetic balance of bees (Mayack and Naug 2009; Aliferis et al. 2012; Dussaubat et al. 2012) , which is expected to impair cognitive ability (Jaumann et al. 2013) . However, behavioural (our study) and genetic analysis (Forfert et al. 2015) has demonstrated that drifting is not more prevalent in parasitized bees, although they can affect homing ability (Gegear et al. 2006; Iqbal and Mueller 2007; Kralj et al. 2007; Kralj and Fuchs 2010) . A possible explanation is that the deficit in homing ability is not strong enough to increase orientation errors at the colony entrance. A non-mutually exclusive hypothesis is that parasitism reduces the homing success, as indicated by the higher mortality of infected bees, and therefore limits drifting prevalence.
Parasitism had an effect on drifters, with Nosema-parasitized bees performing more but shorter drifts. On one hand, the reduction of drift duration might reflect an increase in time spent in the field (Alaux et al. 2014; Naug 2014 ). The energy shortage induced by Nosema infection is suspected to decrease the flight ability of bees (Mayack and Naug 2010) and to result in prolonged resting periods (Wolf et al. 2014 ). The higher number of drifts could be explained by higher flight activity in Nosema -infected bees (Dussaubat et al. 2013 ) and the occurrence of orientation errors. Finally, the microsporidian parasite reduced, as expected, bee survival (Higes et al. 2007; Alaux et al. 2014 ), but drifting did not modify bee survival, as found by Pfeiffer and Crailsheim (1998) in one of their two trials. This result was confirmed in both parasitized and control bees, which suggests that drifting does not decrease the bee lifespan and guards have high tolerance for foreign bees, especially parasitized bees.
In conclusion, an average drifting rate of 10 % within an apiary has the potential to influence the transmission of disease between colonies, especially if colonies do not discriminate infected individuals. However, the actual risk of disease transmission into foreign colonies by drifting bees remains to be investigated, as well as whether changes in drifting parameters caused by a parasite (e.g. more but shorter drifts) and seasonal variation can decrease or increase this transmission risk. These data will provide a better understanding of disease development and propagation between and within colonies.
